A photon-to-thermal conversion nanosystem has been developed to rapidly elevate temperatures in poorly thermally conducting media using irradiation of gold nanorods. We first hypothesized that nanoparticles, especially gold nanorods, are capable of generating enough heat to lyse bacteria by heating sample solutions via laser irradiation. To test this, we synthesized Au nanorods (aspect ratio 3∼4) and studied optothermal properties of these nanoparticles. The short Au nanorods were more efficient at absorbing 808 nm 450 mW laser irradiations resulting in more efficient temperature increase in glass vials compared to the long rods (aspect ratio ∼40). In bulk media, these nanoparticles could easily raise the temperature beyond 100 C under continuous wave laser irradiation, enabling immediate cell lysis. Consequently, the pathogenic bacteria, Escherichia coli, within the sample solution are lysed by irradiating of the sample using a near infrared laser.
INTRODUCTION
Bacteria are responsible for formation of biofilms, which can lead to diseases and infections ranging from gingivitis to cystic fibrosis. Biofilms, defined as communities of bacterial cells attached to each other and/or surfaces [1] [2] are ubiquitous on all surfaces exposed to both bacteria and water. Biofilms are responsible for over 60% of all bacterial infections. 3 It is therefore critically important to burst bacteria in liquid/solid media. Although chemical and physical methods [4] [5] [6] [7] [8] have been traditionally used for bacterial cell lysis, there are some inherent disadvantages to their use. Liquid-based homogenization is the most widely used cell disruption technique for small volumes and cultured cells, in which cells are lysed by forcing the cell or tissue suspension through a narrow space. Alternatively, cells can be treated with various agents to aid the disruption process. Lysis can be promoted by suspending cells in a hypotonic buffer, which cause them to swell and burst more readily under physical shearing. 9 However, reproducibility with both methods can be challenging because cells disrupt at different times so the viscosity of * Author to whom correspondence should be addressed. the medium constantly changes. In addition to sample handling problems, some physical disruption methods require fairly expensive equipment.
Drawing from nanotechnology applications such as the synthesis of nanoparticles, it is necessary to develop engineered nanoparticles in order to ensure high water quality for human health. Recently, a technique of synthesizing gold nanoparticles using aqueous seeded and non-seeded growth methods has been developed to create a photonto-thermal conversion nanosystem, [10] [11] in which temperature can be elevated by embedding the particles into a liquid/solid medium. Particle size and shape as well as stability depend on the choice of reducing agent, relative quantities and concentrations of reagents, order of reagent addition, mixing rate, the temperature and duration of reaction. The formation of engineered nanoparticles is detected by visual color change due to surface plasmon resonance. The position of the plasmon maximum is related to the particle size (larger diameter results in a longer wavelength) and the peak width to dispersion, as confirmed by use of transmission electron microscopy. In this paper, we evaluate the potential of gold nanoparticles to lyse entire bacterial communities by quickly transmitting heat through a liquid solution. 
EXPERIMENTAL DETAILS

Preparation of Seed Solution for Gold Nanorods
The gold nanorods were synthesized by some modifications of a method based on the Au seed-mediated growth. 
Preparation of Growth Solution for Gold Nanorods
We prepared appropriate quantities of each chemical stock solution and mixed each together in the appropriate order. All stock solutions were made just prior to use and all gold nanorod batches were completed from start to finish within a period of seven hours. 9.7 ml of 0.1 M CTAB solution was mixed with 0.75 ml of 0.01 M HAuCl 4 (Sigma-Aldrich, ST. Louis, MI). To this solution, 0.05 ml of 0.02 M AgNO 3 solution was added, followed by gentle mixing by inversion. At this stage, the color of the solution seemed to be bright brown-yellow. To prevent long reaction times in gold nanorods synthesis, 10 a reducing agent of 0.054 ml of 0.18 M AA (L-ascorbic acid, SigmaAldrich, ST. Louis, MI) was then added before the addition of 0.12 ml of the seed solution as final step. Ascorbic acid changed the color of the growth solution from yellow to colorless. The final concentrations of all reactants in the optimized gold nanorod solution are shown in Table I . The final concentration of gold nanorods in the solution was 4 mg/ml. Table I . The concentration variations and the optimized concentration of all reactants in the growth solution. Reactants were added in the order indicated above from top to bottom. Concentration of each reactant was varied during the GNRs synthesis process to find the maximum longitudinal absorption close to 800 nm in wavelength in a way that the concentration of one reactant was varied while the others were kept constant. 
Characterization of Gold Nanorods
Images of the synthesized gold nanorods shown in Figure 1 were taken by a transmission electron microscope (TEM) and used in measuring the size and aspect ratio of length to width of the gold nanorods. The average size was 13.5 nm in width and 50 nm in length and the average aspect ratio was ∼3.7. Absorption spectra of the solutions were measured using a UV-vis-NIR spectrophotometer (Tecan, Research Triangle Park, NC). 100 l of the sample solution was scanned from wavelengths of 300 to 1000 nm. To investigate the optothermal property of the gold nanorods, 1000 l of the sample was centrifuged at 14000 rpm for 12 min and 950 l of the supernatant was discarded to increase the concentration of gold nanorods in the solutions (80 mg/ml). Then, various amounts of the highly concentrated gold nanorods solution were irradiated by a laser and the temperature variations were measured in real time.
Bacteria Culture
The bacteria E. coli (HCB 33, Rowland Institute at Harvard, MA) were cultured to perform experiments for pathogenic cell lysis using gold nanorods irradiated by Rapid Photothermal Lysis of the Pathogenic Bacteria, Escherichia Coli Using Synthesis of Gold Nanorods a near infrared laser (NIR) (450 mW, 808 nm, Edmund Optics Inc., Barrington, NJ). All glassware was sterilized by using a burner before culturing bacteria. Three aliquots including frozen bacteria (100 l each, stored at −72 C) were left at room temperature until completely melted. The aliquots were not touched with fingers to prevent sudden temperature increase that may cause bacterial cell membrane fractures. The 300 l of the bacteria stock was transferred to 50 ml of LB-broth (1% Tryptone, 0.5% yeast extract, 1% sodium chloride, TEKnova, Hollister, CA) in a flask. The flask was placed on a shaker overnight (∼12 hrs) at constant mode and 180 rpm in an incubator at 34 C. The bacteria culturing was completed during the previous evening of the cell lysis experiments to obtain fresh bacteria.
Cell Lysis Experiments
A sample consisting of 10 l of the highly concentrated gold nanorod solution and 10 l of saturated E. coli in an aliquot was irradiated from one side by an NIR laser. Real-time temperature monitoring was carried out using a thermocouple (K type, Omega, Stamford, CT) inserted in the sample aliquot. To minimize the heat dissipation to the environment due to electromagnetic radiation by gold nanorods, the sample aliquot was placed in the middle of heat insulator. The laser tip and sample were positioned at a distance of 9 mm. The laser irradiation was performed for 3 min and the absorption spectra of the solution were measured after the irradiation.
RESULTS AND DISCUSSION
Optimization of the Concentration of All Reactants for Synthesis of Gold Nanorods
Prior to the bacterial cell lysis, it is desirable to obtain the optimized geometry of the GNRs for enhanced absorption of laser irradiation in the range of near-infrared region (especially around 800 nm) using a seed-mediated method. 12 To investigate the effect of the concentration of each reactant on longitudinal plasmon band maximum in absorption spectra of the GNRs, we varied the concentration of each chemical during the synthesis process in a way that the concentration of one reactant was varied while the others were kept constant. The concentration variations of all reactants are shown in Table I . The rod dimension is strongly dependent on the concentration of gold salt in the solution. 13 An increase in the gold ions first induces red shifts of the plasmon maximum up to 770 nm in wavelength for 1 0 × 10 −3 M in concentration. The gold nanorod solution prepared with a large excess of gold ions, however, induced blue shifts of the plasmon peaks. Silver ions are essential to produce short gold nanorods and are able to control the length of the gold nanorods by varying the concentration due to its catalytic effect on gold.
14 Similar effects were observed with the gold ions. The presence of silver ions induced a red shift of the longitudinal plasmon maximum position up to 790 nm. Also, the concentration of a reducing agent AA can control the dimension of gold nanorods. With a large amount of AA, fast growth of gold seed particles in all directions supplied by gold salt in the growth solution may form spherical particles, as a similar mechanism has been observed in other nanocrystal synthesis. 15 With a small amount of AA (less than 7 × 10 −4 M), there were no longitudinal spectra band between 600 and 900 nm (absorption spectra were scanned between 300 and 1000 nm). With the optimized concentrations for all reactants shown in Table I , the amount of seed solution was varied to obtain the maximum spectra position around 800 nm. With the increase of the seed concentration shown in Figure 2 , the intensity of absorption and the peak spectra position increased because the ratio of gold ions in the growth solution to seed particles decreased, which induces the decrease of both the gold nanorod length and width, as well as an overall decrease in size. With the increase of seed concentration the rate of the decrease in width is greater than that of length, resulting in the larger aspect ratio for the gold nanorods; 10 therefore, red shifts of the maximum spectra position occur. There was also a slight temporal evolution in the growth of gold nanorods.
Optothermal Effect of Gold Nanorods Temperature
Due to the high absorption ability of the gold nanorods in the visible and near infrared range, the particles have high potential for detection and thermal treatment of disease. Larger absorption area of rod-shaped nanoparticles Fig. 2 . Surface plasmon absorption spectra of gold nanorod solutions synthesized using Au seed-mediated growth approach as a function of the amount of seed solution. All reactants in the growth solution were optimized as described in Table I . Increase of seed concentration for a given gold ions in a growth solution induces the increase of aspect ratio of gold nanorods and the maximum spectra position. compared to spheres enhances optothermal efficiency due to the dimension-sensitive properties of the materials. 16 In addition, efficient conversion of the absorbed radiation caused by the electronic motion on the surface into thermal energy can take place on a picosecond time scale. 17 To quantitatively investigate the temperature variation of the gold nanorod solution (bacteria not mixed) during laser irradiation, we varied the amount of gold nanorod solution samples in each aliquot. Shown in Figure 3 , the temperature of 20 l of the gold nanorods solution quickly increases and reaches around 95 C within 1.5 min. 50 l of the gold nanorods sample was unable to reach even 75 C within 5 min. 70 l of the same sample had worse thermal conversion efficiency as expected. Then, we increased the concentration twice from 80 to 160 mg/ml to check the effect of the gold nanorod concentration on thermal conversion. The temperature variation of the 50 l sample with a higher concentration was larger compared to the low concentration sample with same amount. The temperature reaches almost 90 C within 2.5 min. Therefore, we hypothesize that gold nanorods are capable of generating enough heat to lyse pathogenic cells by heating sample solutions via laser irradiation.
Pathogenic Cell Lysis Using Thermal Energy Due to Irradiation of Gold Nanorods
In bulk media, the gold nanorods could easily raise the temperature of the sample solution (gold nanorods mixed with E. coli) around 100 C under NIR laser irradiation, enabling immediate bacterial cell lysis. The variations of the absorption of the sample for the cell lysis were measured after each laser irradiation to the sample by three times repetition of the cell lysis procedures described in Experimental details. As shown in Figure 4 , highly dense bacterial colonies were found in the field of view before the laser irradiation. In contrast, even after the first laser irradiation for 3 min, most of the bacterial colonies appeared to be completely lysed by the high thermal energy generated by the gold nanorods, followed by two more irradiations. Since it has been established that the wild type of E. coli are unable to sporulate, meaning that a treatment such as simple boiling for extinguishing the active bacteria could be effective for the extermination without more strict sterilization, we assumed that laser irradiation using infrared-heated gold nanorods was able to disrupt the intact pathogenic bacteria. Furthermore, it has been known that the effective heat treatment for bacteria eradication involves both heating temperature and time, at least 70 C for 2 min, which is effective to even E. coli O157 causing serious illness in humans. Our treatment has been continued for about 2.5 min above 70 C. The measured absorption spectra of the sample showed a slight change but similar pattern to intact gold nanorod solution having maximum absorption around 800 nm in wavelength without any laser irradiation to the sample (Fig. 5) . After the first laser irradiation, the absorption spectra quantifying how much incident light is absorbed or scattered by the sample seemingly decreased since the bacterial cells were lysed and might be decomposed or fragmentized by the thermal energy. The maximum absorption value apparently Rapid Photothermal Lysis of the Pathogenic Bacteria, Escherichia Coli Using Synthesis of Gold Nanorods Fig. 5 . The photothermalysis processes for the pathogenic bacteria using gold nanorods synthesized by a seed-mediated method. Apparent changes of the absorption spectra after first irradiation of near infrared laser were observed due to the strong thermal energy converted from the irradiation of gold nanorods surface plasmon. Further laser irradiation to the sample induced slightly more absorption decreases due to weaker electric fields at the gold nanorods surface.
decreased relative to others, possibly meaning that since photothermalysis is the process of thermal explosion when the gold nanorods were irradiated by laser pulse, this thermal explosion of the gold nanorods may be accompanied by fragmentation of the quickly heated gold nanorods with high kinetic energy, contributing to the killing of bacterial cells that the gold nanorods are attached to and also changing the shapes of gold nanorods: consequently slight blue shifts. Further laser irradiation to the sample induced more absorption decreases due to weaker electric fields at gold nanorod's surface by continuously being irradiated.
CONCLUSIONS
Irradiation of gold nanorods has been suggested as the most promising method for photothermalysis since they are biocompatible, photostable absorbers, and have adjustable optical properties by simply changing the silver ion concentration during the gold nanorod growth process. 18 Gold nanorods are also good candidates for pathogenic cell lysis due to the ability of quick highthermal energy generation with accurate control of the absorption maximum to the required wavelength by changing the aspect ratio.
